Abstract The accumulation of soluble carbohydrates in maturing diaspores of flowering plants comprising Arctic populations of Cerastium alpinum, indigenous Antarctic species Colobanthus quitensis and Deschampsia antarctica, and cosmopolitan Poa annua from the Antarctic was investigated. For comparative purposes, the diaspores of two species of flowering plants growing in the area of Olsztyn (Poland), Poa annua (Poaceae) and Cerastium arvense (Caryophyllaceae) were used. A qualitative and quantitative analysis of soluble carbohydrates conducted by means of high-resolution gas chromatography showed that monosaccharides (glucose and fructose), maltose and sucrose, raffinose, myo-inositol and galactinol are ubiquitous in developing and mature diaspores among investigated species. Moreover, D. antarctica and P. annua caryopses additionally contained stachyose and 1-kestose; the seeds of Caryophyllaceae studied were found to contain D-pinitol and D-ononitol. The development and maturation of the seeds of polar Caryophyllaceae and Poaceae were accompanied by the changes in the concentration of their soluble carbohydrates. During maturation, seeds accumulated galactinol and raffinose family of oligosaccharides (RFOs), except C. quitensis. Although seeds of the studied Caryophyllaceae contained D-pinitol and lower amounts of D-ononitol, they did not accumulate a-D-galactoside derivatives of mentioned cyclitols. P. annua caryopses, occurring in the Antarctic, were found to accumulate considerably higher amounts of sucrose and 1-kestose than those developed in Olsztyn.
Introduction
Soluble carbohydrates are a major group of metabolites that determine the growth and development of vegetative and generative tissues in plants. Those metabolites also supply developing embryos with carbon compounds and sources of energy (Borisjuk et al. 2003) . Changes in the concentrations of hexose and sucrose that reach a developing embryo determine the success of embryogenesis, the transition from the histodifferentiation phase to the reserve accumulation phase, and the rate at which those reserves are accumulated (Borisjuk et al. 2004; Weber et al. 2005) . In mature seeds, low-molecular-weight soluble carbohydrates such as sucrose and raffinose family oligosaccharides (RFOs) account for a small portion (less than 20 % of dry mass, DM) of storage reserves (Obendorf and Górecki 2012) , but they are used already in the first hours of germination, which indicates that sucrose and oligosaccharides are important sources of energy during initial stages of seeds germination (Blöchl et al. 2008; Lahuta and Goszczyńska 2009) . In addition to sucrose and RFOs, fructans and polyhydroxy alcohols, both non-cyclic (mannitol, sorbitol) and cyclic (myoinositol and its isomers or methylated derivatives), increase the resistance of vegetative tissues to abiotic stressors (Valluru and Van den Ende 2011; ElSayed et al. 2014) . Soluble carbohydrates contribute to embryonic resistance against drying in the final stages of development of orthodox seeds (Obendorf and Górecki 2012) . The accumulation of soluble carbohydrates in developing seeds was analyzed mostly in crop plants, including legumes (Obendorf and Górecki 2012) , cereals (Lahuta and Goszczyńska 2010) and oil-bearing plants (Li et al. 2011) . The highest hexose levels were reported in early stages of embryonic development when sucrose is broken down by invertase in seed coat tissues. The drop in hexose concentrations and the rise in sucrose levels in embryo induce the transfer from the histodifferentiation phase to the reserve accumulation phase (Weber et al. 1998) . Sucrose concentrations are high in the middle phase of storage reserve accumulation, and they decrease gradually towards the end of seed development and embryonic desiccation. The accumulation of RFOs begins in the middle phase of storage reserve accumulation. Galactinol (a-D-galactopyranosyl-(1 ? 1)-1L-myo-inositol), a major donor of galactose residues for the RFO biosynthetic pathway, is synthesized several days earlier than RFO. Embryo tissues produce raffinose (a-D-galactopyranosyl- This process is intensified at the end of maturation, in the phase of seed desiccation. Legume seeds accumulate the largest amounts of verbascose and stachyose (up to 10 % DM) (Obendorf and Górecki 2012) . Cereal kernels store mainly raffinose (Barnes 1982; Horbowicz and Obendorf 1994; Lahuta and Goszczyńska 2010) , and rapeseedmainly stachyose and small amounts of raffinose (Li et al. 2011) .
Galactinol is synthesized by galactinol synthase (GolS, EC 2.4.1.123) which catalyzes the transfer of galactose from UDP-galactose to myo-inositol. GolS is an enzyme whose activity levels are one order of magnitude higher in comparison with activities of galactosyltransferases from the RFO biosynthetic pathway Lahuta 2006; Lahuta et al. 2010a ). Raffinose and stachyose are synthesized when galactose is transferred from galactinol to the respective acceptor, sucrose and raffinose, in the presence of raffinose synthase (RS, EC 2.4.1.82) and stachyose synthase (STS, EC 2.4.1.67), respectively. Myoinositol is released during the transfer of galactose from galactinol. Stachyose synthase is probably also responsible for the synthesis of verbascose (Peterbauer et al. 2003) .
In addition to RFOs, the seeds of selected plant species also contain a-D-galactosyl cyclitols, which differ in structure from RFOs in that sucrose is replaced by cyclitol . Those compounds are produced simultaneously with RFOs in a shared biosynthetic pathway . GolS can also catalyze the synthesis of mono-galactosides of D-chiro-inositol (fagopyritol A and fagopyritol B) Ueda et al. 2005) . The enzyme does not show affinity for methylated derivatives of inositol: D-pinitol and D-ononitol Obendorf et al. 2004) . Galactose is transferred from galactinol to the above compounds mainly by multifunctional STS (Peterbauer et al. 2002a ) and, to a lesser extent, by RS (Peterbauer et al. 2002b) . The rate at which galactosyl cyclitols are accumulated seems to be closely linked with the type and concentration of cyclitols that are supplied from maternal tissues to a developing embryo (Obendorf and Górecki 2012) . In addition to myo-inositol, which is abundant in plant tissues (Loewus and Murthy 2000) , an embryo may also be supplied with isomers (D-chiro-inositol) and methylated derivatives (D-pinitol, D-ononitol) of myo-inositol from the maternal plant. The embryo responds by producing the corresponding galactosyl cyclitols. Fagopyritols (mono-, di-and trigalactosides of D-chiro-inositol) are also synthesized in buckwheat seeds, which contain myoinositol as well as D-chiro-inositol. Fagopyritols replace RFOs in the final stages of development . Higher levels of D-pinitol than of myoinositol promote the synthesis of galactopinitols at the expense of RFOs in several plant species of the genus Vicia (Lahuta et al. 2005a) . In developing soybeans (Gomes et al. 2004) , buckwheat seeds (Ma et al. 2005; Ueda et al. 2005) , vetch seeds (Lahuta et al. 2005b (Lahuta et al. , c, 2010b and peas (Lahuta et al. 2010c; Lahuta and Dzik 2011) , cyclitol concentrations determine the accumulation of both types of a-D-galactosides: RFO and galactosyl cyclitols. In developing wheat kernels, where raffinose is the only accumulated RFO, small amounts of fagopyritol B1 (up to 3 mg g -1 DM) and tenfold lower amounts of galactopinitol A (galactosyl pinitol A) can be synthesized when seeds are supplied with Dchiro-inositol and D-pinitol, respectively (Lahuta and Goszczyńska 2010) .
Vegetative tissues of grasses, including cereals, produce fructans-oligosaccharides where fructose residues bind with sucrose. Fructans contribute to plant resistance to low temperature and soil drought (Livingston et al. 2009; Sandve et al. 2011 ). In the generative phase and during kernel development, fructans synthesized and accumulated in shoots are remobilized to supply kernels with additional sucrose (Amiard et al. 2003; Zhang et al. 2015) . Fructans (like 1-kestose) present in immature kernels are used up during starch synthesis during reserve accumulation (Verspreet et al. 2013; Peukert et al. 2014) . In mature cereal kernels, 1-kestose (a-D-glucopyranosyl-(1 ? 2)-b-D-fructofuranoside-(1 ? 2)-b-D-fructofuranoside) may be the second most abundant soluble carbohydrate after sucrose (Lahuta and Goszczyńska 2010) .
The final composition and content of soluble carbohydrates in mature seeds are determined not only by genetic factors, but also by environmental stresses that disrupt the accumulation of storage reserves. Soil drought during seed maturation can stimulate the accumulation of RFOs and sucrose, which was demonstrated in faba beans , or can lower the accumulation of soluble carbohydrates, which was reported in yellow lupine seeds and triticale kernels (Zalewski et al. 2001) . In yellow lupine seeds, the above was accompanied by changes in oligosaccharide proportions with an increase in the content of verbascose, mono-and di-galactosides of D-pinitol. The increase in galactopinitols levels could be attributed to a rise in D-pinitol concentrations in vegetative tissues in response to water stress, which was observed in a study of soybeans (Streeter et al. 2001) , and, in consequence, intensified transfer of D-pinitol to developing seeds.
Very little is known about the accumulation, composition and content of soluble carbohydrates in the seeds of plants that inhabit extreme climates. The composition and content of soluble carbohydrates in vegetative tissues of several vascular plants growing in the Earth's polar regions were analyzed in our previous study (Pastorczyk et al. 2014 ). An effective method for vegetative propagation of several species of vascular plants from the Arctic (Cerastium alpinum and Poa arctica var. vivipara) and the Antarctic (Colobanthus quitensis and Deschampsia antarctica) was proposed to investigate the rate of changes in the composition and content of soluble carbohydrates in shoots under short-term exposure to cold stress (Pastorczyk et al. 2014) . High levels of D-pinitol (threefold to sixfold higher than sucrose concentrations) and RFOs as well as small amounts of galactopinitols were determined in C. quitensis and C. alpinum. All plants accumulated larger amounts of sucrose in response to cold stress. An increase in RFO concentrations was noted in Caryophyllaceae, whereas an increase in 1-kestose levels was observed in Poaceae plants (Pastorczyk et al. 2014) .
During the reproductive phase, cold stress contributes to metabolic and developmental disorders that lead to withering of flowers, abnormal pollination and fertilization, abnormal embryonic development and impaired seed development (Thakur et al. 2010) . Vascular plants inhabiting Arctic region produce small amounts of seeds, many of which are nonviable. The above is particularly visible in growing seasons with low temperatures (Phillip et al. 1990 ). Flowers and fruit are more abundant when weather conditions are more favorable, which happens every few years or even every ten or more years (Piro_ znikow 1993). Plant species native to the Antarctic produce numerous flowers and inflorescences nearly every year, but mature seeds do not emerge regularly on an annual basis (Convey 1996; Giełwanowska et al. 2011) .
The described fluctuations and low seed production rates in polar plants as well as the low availability of experimental material probably explains the absence of research into the physiology of polar plant seeds and changes in the chemical composition of developing seeds. The objective of this study was the comparison of changes in the content and composition of soluble carbohydrates during seed development of several species of Arctic and Antarctic flowering plants: C. quitensis and C. alpinum of the family Caryophyllaceae, and Deschampsia antarctica and Poa annua of the family Poaceae. The seeds of Cerastium arvense and Poa annua plants harvested in the area of Olsztyn were included in the study for comparative purposes.
Materials and methods

Materials
The experimental material comprised four species of polar vascular plants belonging to the families Caryophyllaceae and Poaceae. Cerastium alpinum L. Seeds for analyses of the content and composition of soluble carbohydrates were harvested in 2010-2012 from plants grown in a greenhouse and from naturally growing plants (Table 1) . C. alpinum and C. quitensis seeds were harvested from plants grown in the experimental greenhouse of the University of Warmia and Mazury in Olsztyn (53°76 0 N and 20°46 0 E), whereas seeds of the remaining 3 species, C. arvense, D. antarctica and P. annua, were harvested from plants growing in their natural habitats. Greenhouse-grown specimens of C. alpinum and C. quitensis were grown from seeds harvested in the region of the Stanisław Siedlecki Polish Polar Station in Hornsund, Spitsbergen (Svalbard Archipelago, 77°00 0 N and 15°33 0 E) and the Henryk Arctowski Polish Antarctic Station on King George Island (South Shetland Islands, 62°09 0 S and 58°28 0 W), respectively. The content and composition of soluble carbohydrates were determined in developing and maturing seeds collected at three developmental stages (Table 2 ). The examined seeds were very small (Table 3 ) and they were characterized by a high share of seed coat tissue ( Fig. 1) , therefore whole diaspores were used in the analysis.
Immediately after harvest, seeds were microwaved (350 W, 2 min) to deactivate enzymes, and they were dried in a hot air oven at the temperature of 80°C. Dried material was pulverized in a vibrating mill (Retsch MM200) for 2 min at the frequency of 22 Hz. Samples of pulverized material (10-50 mg each, in 3 replications, subject to availability) were collected for extraction of soluble carbohydrates.
Analysis of soluble carbohydrates
The composition and content of soluble carbohydrates were analyzed by gas chromatography according to the method described earlier (Lahuta 2006) . Carbohydrates were extracted with 50 % aqueous ethanol solution containing an internal standard (xylitol). The samples were heated at 90°C for 30 min and centrifuged. A portion of the homogenate was deionized by shaking with a mixture of Dowex ion exchange resins, and concentrated until dry. Sediments were derived with a mixture of TMSI (trimethylsilyl-imidazole) and pyridine (1:1, v/v). TMS derivatives of carbohydrates were separated in a ZEBRON ZB-1 chromatographic column (15 m 9 0.25 mm, active layer of 100 % dimethyl polysiloxane with the thickness of 0.1 lm, Phenomenex, USA) in the Shimadzu GC 2010 gas chromatograph (Japan). Chromatograms were analyzed with an integrator in the CHROMA 3.2 application (PolLab, Poland). Chromatographic peaks were identified by comparing their retention times with the retention time of the standard. The content of the analyzed carbohydrates was calculated by the internal standard method.
Statistical analysis
The results were presented as means from three replications with standard error (SE). The significance of differences in the concentrations of various carbohydrates was determined by one-way ANOVA with Tukey's test. Calculations were performed separately for every compound at the significance level of p \ 0.05. Data were processed in the Statistica v.10 program (StatSoft, Poland). 
Results
Mature seeds of Caryophyllaceae plants differed significantly in size and weight (Table 3 ) from 0.043 (C. quitensis) to 0.294 mg seed -1 (C. alpinum). Diaspores of C. alpinum and C. arvense had extensive seed coats (Fig. 1b, c) . Poaceae kernels were characterized by similar habit, variations in the length-to-width ratio and smaller differences in weight (from 0.226 in Deschampsia antarctica to 0.321-0.336 mg seed -1 in Poa annua) than Caryophyllaceae seeds (Table 3) . C. quitensis and D. antarctica had the lightest diaspores.
Composition and content of soluble carbohydrates in mature seeds
Caryophyllaceae
In mature seeds of C. quitensis, C. alpinum and C. arvense plants, the content of soluble carbohydrates was Mean ± SD (1000 seed weight, n = 800; length and width, n = 100) a Seeds collected from plants growing in the university greenhouse, b in the vicinity of Olsztyn and c in the Antarctic determined at 3-4 % DM. Soluble carbohydrates were composed of monosaccharides (glucose and fructose), disaccharides (sucrose and maltose), raffinose, cyclitols (myo-inositol, D-pinitol and D-ononitol) and galactinol (Table 4) . Sucrose was the predominant soluble carbohydrate. The largest amounts of sucrose were observed in C. quitensis seeds (23.65 mg g -1 DM), and the smallest amounts were noted in C. arvense seeds (18.89 mg g -1 DM) ( Table 4 ). The percentage of sucrose in total soluble carbohydrates (TSC) ranged from 45.92 % (C. arvense) to 71.73 and 76.13 % (C. alpinum and C. quitensis, respectively). Monosaccharides accounted for 1-5.6 % of TSC. Fructose and glucose concentrations were lowest in C. quitensis seeds and highest in C. arvense seeds. The maltose content of C. quitensis and C. alpinum seeds was similar to their monosaccharide content, but it was surprisingly high at 39.5 % TSC in C. arvense (Table 4) . Raffinose, the only detected RFO, accounted for 0.01-0.5 % DM of seeds. The seeds of all three Caryophyllaceae species also contained small amounts of myo-inositol and D-pinitol. Trace amounts of D-ononitol were detected in C. quitensis seeds. Despite higher concentrations of D-pinitol than myo-inositol, D-pinitol a-Dgalactosides were not found. Galactinol was the only galactosyl cyclitol that occurred abundantly in the evaluated seeds. The largest amounts of galactinol were detected in C. alpinum seeds (4.12 mg g -1 DM), and the smallest amounts were noted in C. quitensis seeds (0.13 mg g -1 DM).
Poaceae
Mature Poaceae kernels contained monosaccharides (glucose and fructose), disaccharides (sucrose and maltose), oligosaccharides (maltotriose, raffinose and stachyose), myo-inositol, galactinol and 1-kestose (Table 5) . Soluble carbohydrates accounted for 3.2-6.6 % DM in the kernels of D. antarctica and P. annua plants harvested in the Antarctic (Table 5 ). The kernels of P. annua harvested in the area of Olsztyn were less abundant in soluble carbohydrates (1.8 % DM). Similarly to the kernels of P. annua plants grown in Olsztyn, D. antarctica kernels were characterized by very low concentrations of monosaccharides (1.7-1.8 % of TSC), whereas P. annua kernels from the Antarctic contained more monosaccharides (21.4 % of TSC) (Table 5 ). Sucrose was the predominant soluble carbohydrate in D. antarctica and P. annua. Sucrose concentrations in P. annua kernels that developed in the Antarctic were nearly threefold higher than in P. annua kernels that developed in Olsztyn and 1.5-fold higher than in D. antarctica kernels. P. annua kernels from the Antarctic were also characterized by higher levels of fructan-1-kestose (Table 5 ). The concentrations of myoinositol and galactinol were lower than the levels of Table 4 The concentration of soluble carbohydrates in mature seeds of Colobanthus quitensis, Cerastium alpinum and Cerastium arvense
Soluble carbohydrates Species
Colobanthus quitensis* Cerastium alpinum* (mg g -1 DW) Cerastium arvense** The same letters in the row indicate no significant (p \ 0.05) differences after Tukey's test * Seeds collected from plants growing in the university greenhouse and ** in the vicinity of Olsztyn. Mean ± SE (n = 3) sucrose and 1-kestose, but they were comparable in D. antarctica and P. annua kernels that developed in Olsztyn and in the Antarctic. RFOs were represented by raffinose and stachyose (Table 5) . Poaceae kernels contained smaller amounts of RFOs (0.04-1.69 mg g -1 DM) than Caryophyllaceae seeds (0.16-5.36 mg g -1 DM) (Table 4) .
Changes in the content and composition of soluble carbohydrates during seed development and maturation
Similar changes in sucrose, monosaccharide and myo-inositol concentrations were observed in maturing seeds of Caryophyllaceae and Poaceae plants (Figs. 2a-c , g-i, 3a-f). Sucrose concentrations decreased steadily in C. alpinum and C. arvense seeds (Fig. 2b, c) and in D. antarctica and P. annua seeds (Fig. 3a-c) . Sucrose levels remained stable only in C. quitensis seeds (Fig. 2a) . The drop in sucrose content was accompanied by a decrease in the levels of monosaccharides (Caryophyllaceae, Fig. 2a-c ; D. antarctica and P. annua harvested in Olsztyn area, data not presented), maltose, maltotriose (Poaceae, Fig. 4d-f ) and myoinositol (Figs. 2g-i, 3d-f) . During seed maturation, fructose and glucose content increased only in P. annua kernels harvested in the Antarctic (from 3.91 and 2.77 mg g -1 DM in phase D1 to 10.32 and 3.79 mg g -1 DM in phase D3). In developing Caryophyllaceae seeds, maltose concentrations increased in C. quitensis and C. arvense (Fig. 4a, c) , but decreased in C. alpinum (Fig. 4b) . A steady decrease in Dpinitol (Fig. 2g-i) and D-ononitol (data not presented) concentrations in Caryophyllaceae seeds, and a reduction in 1-kestose levels in Poaceae seeds (Fig. 3a-c) were observed between phases D1 and D3.
Maturing seeds of both plant families accumulated galactinol and raffinose, and D. antarctica and P. annua kernels harvested in the Antarctic also stored stachyose, but the rate at which those compounds were accumulated differed between the analyzed species. In phase D1, the seeds of all evaluated taxa contained small amounts of galactinol (Figs. 2d-f, 3d-f) . Galactinol concentrations increased steadily during seed maturation, except for C. quitensis where galactinol levels was significantly reduced between phases D2 and D3. The analyzed seeds also accumulated raffinose (Figs. 2d-f , 3g-i) whose concentrations increased particularly at the end of seed maturation in the desiccation phase (between phases D2 and D3). Unlike in other species, the raffinose content of C. quitensis and C. alpinum seeds decreased in the desiccation phase (Fig. 2d, e) . D. antarctica and P. annua kernels harvested in the Antarctic produced stachyose during desiccation (Fig. 3g, h ). The predominant RFOs were raffinose in mature D. antarctica seeds (Fig. 3g ) and stachyose in mature P. annua seeds (Fig. 3h) . Stachyose was not detected in P. annua kernels from the Olsztyn area. The same letters in the row indicate no significant (p \ 0.05) differences after Tukey's test ** Grains collected from plants growing in the vicinity of Olsztyn and *** in the Antarctic. Mean ± SE (n = 3) Acta Physiol Plant (2015) 37:118 Page 7 of 13 118
Discussion
Low concentrations of soluble carbohydrates in mature seeds of Caryophyllaceae (3.1-4.1 % DM) and Poaceae (1.7-6.6 % DM) plants indicate that, similarly to the observations made in crop plants, (Obendorf and Górecki 2012) , soluble carbohydrates had a small share of storage reserves in the evaluated taxa. Similarly to cereal kernels (Horbowicz and Obendorf 1994; Lahuta and Goszczyńska 2010) , sucrose was the predominant soluble carbohydrate (70-90 % TSC, in C. arvense-45 % TSC), and RFOs accounted for only 0.4-17.3 % TSC (Tables 4, 5 ). Changes in the concentrations of sucrose, myo-inositol, D-pinitol (Caryophyllaceae) and 1-kestose (Poaceae) in maturing seeds of Caryophyllaceae and Poaceae plants were similar to those observed in crop plants (Obendorf and Górecki 2012) . The highest content of the above carbohydrates was observed in initial stages of reserve accumulation in phase D1 (Table 2) . Their concentrations decreased steadily during seed maturation . A significant increase in monosaccharide concentrations (mainly fructose) was observed for the first time at the end of maturation in P. annua seeds harvested in the Antarctic. The above could be attributed to the breakdown of fructans accumulated in vegetative tissues and/or tissues covering the embryo and endosperm. The fructan content of timothy and ryegrass increased between October and January (Østrem et al. 2011 ). In the shoots and leaves of winter wheat, fructan levels increased during cold acclimation and decreased in late winter and in spring (Yoshida et al. 1998) . Changes in fructan concentrations in vegetative tissues of polar plants during the growing season have never been investigated. In our previous study, short-term exposure to cold stress stimulated the accumulation of 1-kestose in shoots of D. antarctica and Poa arctica plants (Pastorczyk et al. 2014) . Peukert et al. (2014) Table 2 ). Mean ± SE (n = 3). The averages for a particular compound marked with the same letter are not different significantly (Tukey test, p \ 0.05) composition, content and location of soluble carbohydrates, including fructans, in maturing barley kernels. They demonstrated that oligofructans determine the sink strength of developing and maturing kernels, which improves the supply of nutrients to the embryo and endosperm. Developmental disorders, such as seed coat wrinkling due to lower starch accumulation, were not observed in mature seeds of P. annua (Fig. 1e) . The causes and physiological significance of high fructose levels in mature P. annua seeds have not been elucidated. High levels of maltose in mature seeds of C. arvense (Table 4) are also difficult to explain. Maltose concentrations initially decreased (between phases D1 and D2) in the seeds of both investigated plant families, but a rapid increase in maltose levels in the desiccation phase was observed only in C. arvense (Fig. 4c) , which points to the activation of starch hydrolyzing enzymes. In maturing seeds, galactinol accumulation determines the biosynthesis of RFOs (Obednorf and Górecki 2012).
Galactinol concentrations were initially high in maturing soybeans (Saravitz et al. 1987) , lupine seeds (Górecki et al. 1997) , peas (Górecki et al. 2000) , vetch seeds (Lahuta et al. 2005a ) and rapeseed (Li et al. 2011 ), but they decreased rapidly towards the end of RFO accumulation. In the evaluated plants, similar changes in the galactinol content of seeds were observed only in C. quitensis (Fig. 2d) . The remaining species accumulated increasingly more galactinol, despite the accumulation of raffinose, and Poaceae plants also stored stachyose (Figs. 2e, f, 3d-i) . The RFO content of mature plants was very low (\5.4 mg g -1 DM). The absence of stachyose in Caryophyllaceae and verbascose in Poaceae could imply that STS is not expressed in Caryophyllaceae and that it is unable to synthesize verbascose in Poaceae. The absence of verbascose could also be attributed to insufficient levels of stachyose, a substrate for verbascose synthesis. Enzyme responsible solely for verbascose synthesis have not been identified in seeds to date, and it is believed that verbascose synthesis is catalyzed by STS (Peterbauer et al. 2003) . Mutations in the STS gene are probably responsible for the absence of verbascose or variations in its levels (Jones et al. 1999; Górecki et al. 2000) . Stachyose synthase also catalyzes synthesis of galactopinitols in seeds that accumulate Dpinitol . In Caryophyllaceae, the absence of STS activity probably prevented the accumulation of galactopinitols despite high initial concentrations of D-pinitol. Lower concentrations of RFOs in mature seeds of locally grown C. arvense and P. annua plants than in the seeds of greenhouse-grown plants (C. quitensis and C. alpinum) and plants harvested in the Antarctic (D. antarctica and P. annua) could point to differences in gene expression and activity levels of GolS, RS and STS during seed maturation. Changes in the expression of genes encoding the RFO biosynthetic pathway were described in peas , corn (Zhao et al. 2004a ) and rapeseed (Li et al. 2011) , and changes in enzyme activity were also characterized in developing soybeans (Saravitz et al. 1987) and seeds produced by plants of the genus Vicia (Lahuta 2006; Lahuta et al. 2010a Lahuta et al. , 2010b . Higher levels of GolS expression and GolS activity are characteristic of the middle phase of reserve accumulation, but they were found to decrease in soybeans (Saravitz et al. 1987) , peas ) and vetch (Lahuta 2006) , and increase in corn (Zhao et al. 2004a ) in successive stages of seed maturation. Accelerated desiccation of mature corn seeds increases ZmGOLS expression and GolS activity (Zhao et al. 2004b ). The expression of ZmGOLS2, which encodes tissue responses to dehydration stress, is positively correlated with myo-inositol concentrations (Zhao et al. 2004b ). Numerous copies of GolS genes, which were detected in vegetative tissues of Arabidopsis thaliana (Nishizawa et al. 2008) , Salvia miltiorrhiza (Wang et al. 2012) and Coffea arabica (Dos Santos et al. 2011) , are specifically expressed in response to abiotic stressors such as salinification, cold, dehydration and soil drought. Increased expression of GolS genes intensifies the accumulation of galactinol and raffinose in tissues and increases plant resistance to stress (Wang et al. 2012; Zhuo et al. 2013) . In a study of transgenic plants with overexpression of the GolS gene, intensified accumulation of galactinol and raffinose increased resistance to cold stress in Arabidopsis (Zuther et al. 2004; Sun et al. 2013) , Photinia serrulata (Song et al. 2013 ) and monocot Brachypodium distachyon (Himuro et al. 2014) . It remains unknown whether galactinol exerts a protective influence on dehydrated embryonic tissues.
Mature seeds of C. alpinum, C. arvense and P. annua contained more galactinol than RFOs (Tables 4, 5 ). The existing research demonstrated that RFOs have been nearly completely replaced by galactosyl cyclitols only in buckwheat seeds (Fagopyrum esculentum) which produce a-Dgalactosides of D-chiro-inositol, i.e. fagopyritols . In buckwheat, the predominant a-D-galactoside is fagopyritol B1 which is synthesized in the presence of GolS (Ueda et al. 2005) . In developing buckwheat seeds, raffinose and stachyose are accumulated only until the desiccation phase, after which their concentrations decrease . In developing seeds of C. arvense, D. antarctica and P. annua, the gradual accumulation of galactinol was accompanied by a rise in RFO levels (Figs. 2f, 3d-i ). In the above species, lower RFO levels than galactinol concentrations could be attributed to low activity and/or low expression of enzymes throughout the entire period of embryonic development.
Conclusion
Mature seeds of five investigated species, beside common soluble carbohydrates (glucose, fructose, sucrose, maltose, myo-inositol, galactinol, raffinose and stachyose), contain also methylated derivatives of myo-inositol (D-pinitol and Dononitol) characteristic for Caryophyllaceae and 1-kestose, fructan characteristic for Poaceae. The common changes in carbohydrate during seed development and maturation include (1) gradually decrease in the content of sucrose, cyclitols, 1-kestose (in Poaceae), monosaccharides (except P. annua kernels harvested in the Antarctic), maltose and maltotriose (in Poaceae and C. alpinum) and (2) accumulation of galactinol and raffinose. The absence of galactosyl pinitols or galactosyl cyclitols in seeds Caryophyllaceae suggest that it can be a result of low activity and/or different catalytic properties of enzymes of RFO biosynthetic pathway. The low level of accumulated galactinol and raffinose seems to exclude protective properties of mentioned sugars in seeds of investigated species. Additionally, the extremely high concentration of fructose in mature caryopses of P. annua, harvested in the Antarctic, can be a metabolic future indicating the readiness of caryopses to start of germination in short period of favorable growing conditions.
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